Trans-heterozygous larvae of the improved highbioactivation cross Drosophila melanogaster (ORR;flr 3 / TM3, Ser females mated with mwh males) were fed with medium containing hexane extract of the edible portion of five vegetables grown in three different soil treatments for 48 hours. The wing hairs of the surviving flies were analysed for the frequency and size of single and twin spots. It was found that the clone induction frequency of the wing hairs of flies treated with a hexane extract of leaves of sacred basil and green kuang futsoi was not significantly different from that of the controls. Conclusive results were obtained when larvae were raised on the medium containing hexane extracts of lettuce and water spinach grown in contaminated soils. Interestingly, the extracts of multiply onion, grown both in the treated and in the untreated soils, induced mutation in the wing spot test. It was concluded that some plants grown in soil contaminated with diesel exhaust provoked mutagenic responses, whereas some showed negative results.
Introduction
It is well documented that our environment contains a wide range of different types of physical and chemical contaminants. Plants, especially food plants, are exposed to a wide variety of contaminants and may be considered as a "green liver," acting as an important global sink for environmental chemicals [1] that are of public health concern. Plewa and Wagner [2] stated that plants could activate promutagens and store the products in forms that might induce mutations in Induction of mutation in Drosophila melanogaster fed a hexane extract of vegetables grown in soil contaminated with particulates from diesel engine exhaust Kaew Kangsadalampai, Prapasri Laohavechvanich, and Janpen Saksitpitak
The authors are affiliated with the Division of Food and Nutrition Toxicology in the Institute of Nutrition at Mahidol University, Salaya, Phutthamonthon, Nakhon Pathom, Thailand.
Mention of the names of firms and commercial products does not imply endorsement by the United Nations University. organisms that consume them. Their hypothesis indicates that the function of the conjugated product of a mutagen may be to stabilize and sequester the active form in the plant and exert its mutagenicity upon organisms that consume it and metabolize it into a reactive form. It thus stimulated us to investigate whether it was possible to detect the mutagenicity of some promutagens that accumulated in our edible plants.
Benzo(a)pyrene, a promutagenic polycyclic aromatic hydrocarbon (PAH), was found in vegetables [3] , and further investigations were carried out to determine the content of other PAHs in plants from various parts of the world. For instance, various Russian investigators reported the contamination of plants by PAHs. Shcherbak [4, 5] also stated that pollution of plants might occur from sedimentation of atmospheric dust and soot or by migration of the carcinogens into the plants from polluted soils, whereas Shabad and Cohan [6] concluded that the main source of contamination of soil was from air particulates. They indicated that migration or resorption of PAHs into plants was dependent on the level of PAHs in the soil and the type of plant.
Environmental PAHs are generated mainly by incomplete combustion of petroleum-derived products [7] in various types of improperly adjusted engines. Schuetzle [8] and Bartle et al. [9] stated that nearly all of the chemical species of health significance identified in diesel exhaust were PAHs. Therefore, a sample of diesel exhaust should be a suitable source of mutagenic PAHs in the model for the study of the mutagenicity of plants contaminated with these chemical compounds. In order to fulfil this requirement, the somatic mutation and recombination test (SMART) was employed to detect the mutagenicity of the contaminated plants. This assay is an efficient and versatile eukaryotic short-term in vivo assay, which detects various types of mutations, including mitotic recombination in cells of the wing imaginal discs of Drosophila melanogaster larva. In addition, the larvae possess metabolic activities that allow them to activate promutagenic PAHs and their derivatives
Materials and methods

Chemicals and diesel exhaust
Mitomycin C was purchased from Fluka AG (Buchs, Switzerland). Yeast-glucose-agar Drosophila medium was prepared according to the method of Roberts [10] . Other chemicals were of laboratory grade. Diesel exhaust was collected from heavy-duty diesel engine vehicles (45 buses and 52 trucks in Bangkok) by scraping the exhaust pipes with bottle-washing brushes. The exhaust particles were ground and mixed well by a Norton pair-roller (Akron, Ohio, USA). The exhaust particulate was subdivided into two portions. The first portion (unprepared sample) was tested for mutagenicity by mixing the exhaust particulate (0.01, 0.02, or 0.05 g) with 2 ml of freshly prepared Drosophila culture medium in a glass tube. The second portion (1, 2, or 4 g) was stirred with 300 ml of hexane for two hours in order to extract nonpolar compounds, especially PAHs and their nitro-derivatives.
The solution was filtered through glass wool to obtain a clear solution, which was evaporated to dryness under reduced pressure (40°C). Each extract was weighed and suspended in the prescribed volume of 95% ethanol and then diluted with distilled water to obtain 4 ml of 5% ethanol suspension. The suspension was prepared for two consecutive serial dilutions (original concentration and two diluted concentrations) and subjected to the SMART assay by mixing the suspension with an equal volume of freshly prepared Drosophila medium.
Preparation of soil, vegetable planting, and hexane extraction
Sandy loam soil was sun-dried for five days and then loosened. Three different soil treatments were prepared in four replicates. The control soil contained no diesel exhaust, whereas the other two were mixed with two different amounts of diesel exhaust particulate to obtain 1 and 10 g of particulate per kilogram of soil. For each preparation, 1 kg (dry weight) of soil was thoroughly mixed with diesel exhaust and water and then air-dried for one day. One kilogram of treated soil was put into a clay pot (20 × 17 cm) with a cloth lining to prevent soil leaching.
Five vegetables were used in this study: sacred basil (Ocimum sanctum Linn.), lettuce (Lactuca sativa Linn.), water spinach (Ipomoea aquatica Forsk.), green kuang futsoi ( Brassica chinensis Jusl.), and multiply onion (Allium cepa var. aggregatum Don.). Before the seeds of the first four vegetables and the bulb of the fifth one were planted, commercial chemical fertilizers (15-15-15) were added to the soil. The plants were watered twice a day until the edible portions were collected. The samples were washed with tap water and dried at 40°C.
The replicates of each vegetable were pooled and homogenized in a home-use electric blender and stored in a desiccator. Each sample was extracted with 300 ml of hexane for two hours. Solid materials were removed by filtering through glass wool. The filtrate was evaporated, weighed, and suspended in 5% ethanol. The suspension was prepared for two consecutive serial dilutions (original concentration and two diluted concentrations) and subjected to the SMART assay by mixing the suspension with an equal volume of freshly prepared Drosophila medium.
Mutagenicity assay
The mutagenicity assay was carried out according to the method of Graf et al. [11] . Virgin females of ORR; flr 3 /TM3, Ser mated to males of mwh/mwh were used to produce larvae of improved high-bioactivation cross. The three-day-(72-hour-) old larvae were collected and washed with water and transferred, with the help of a fine artist's brush, to the glass tubes with medium containing the tested sample or the control. Mitomycin C (0.21 mg/ml) was used as a positive control. The larvae were maintained at 25 + 1°C for 48 hours. After metamorphosis the flies, which were trans-heterozygous (mwh flr + /mwh + flr) for the recessive wing cell marker mutations multiple wing hairs (mwh) and (flr) on the left arm of chromosome 3, were collected (between days 10 and 12 after egg laying), and their wings were mounted according to the method of Graf et al. [11] .
Under the compound microscope at 400 magnification, the wings were inspected for the presence of mutant spots on the phenotypically wild-type wing surface. The following spot types could be expected: mwh single spots resulting from mutation, deletion, or mitotic recombination between the mwh and flr loci; rare flr single spots arising from point mutation or deletion; and twin spots with an mwh clone adjacent to an flr clone generated by mitotic recombination between the more proximally located flr locus and the centromere of chromosome 3.
For statistical analysis, a multidecision procedure was used to distinguish between positive, weakly positive, inconclusive, and negative results. The details of the calculation were explained by Frie and Wurgler [12] . Besides the null hypothesis, which assumes that there is no difference in the mutation frequency between control and the treated series, a specific alternative hypothesis was also considered. This hypothesis postulated a priori that the treatment results in an increased mutation frequency that is m (2 or 5) times the spontaneous frequency. Inconclusive results are obtained when neither hypothesis is rejected.
Results and discussion
On the basis of dry samples, for each plant there was no difference in the percentage of solid matter obtained Induction of mutation in Drosophila melanogaster at each level after evaporation of hexane (table 1). The yields of hexane-soluble material were different because of species variation. Sacred basil gave the highest percentage yield, whereas green kuang futsoi gave the lowest.
The results obtained with the test compounds are shown with their concurrent solvent controls in tables 2 through 7. All experiments were chronic feeding studies (48 hours) starting with three-day-old larvae at an age of 72 hours and ending with pupation when the larvae leave the medium and stop feeding. A cross of flies with improved high-bioactivation capacity was used because it is well known that PAHs require metabolic activation to exert their genotoxicity [11, 13] . In the improved high-bioactivation cross, chromosome 2 of a DDTresistant line of the Oregon R wild-type strain (ORR) was introduced [14] . This resistant line is characterized by an increased presence and activity of cytochrome P450 [15] . Larvae carrying the ORR second chromosome exhibit an increased sensitivity for promutagens and procarcinogens.
Mutagenicity of crude diesel exhaust
Crude diesel exhaust gave rise to clone induction frequencies of spots mostly as small single spots rather than large spots (table 2) , and conclusive results were obtained with dose-response relationships. These spot types may be due to true somatic point mutations or to various types of smaller or larger chromosome aberrations. Twin spots were shown when higher concentrations of the exhaust were given to the larvae; however, the results were inconclusive and indicated that the diesel exhaust had no recombinogenic activity. Diesel exhaust was shown to be mutagenic in short-term bioassays and carcinogenic in laboratory animals [16] . The particulates contained hundreds to thousands of chemical components [8, 9] . Numerous aromatic and nitro aromatic compounds have been shown to be mutagenic for Salmonella typhimurium as well as carcinogenic in experimental animals [17] [18] [19] . It is likely that the effects produced by the nitro-PAHs are due to the reduction of the nitro group(s) by nitroreductase(s) [20] .
Mutagenicity of hexane extract
An attempt was made to determine whether the toxic substances in the diesel exhaust could express their mutagenicity in the hexane extract fraction, since hexane was used as the extracting solvent for the plant samples. It was shown that the hexane extraction of diesel exhaust samples increased the frequency of wing hair aberrations of treated larvae (table 3) . Better doseresponse relationships in this trial were presented in both small and large single spots as compared with the results with the crude exhaust. Thus, hexane was a suitable solvent for plant sample extraction. Tables 4 through 8 show the data obtained from the tests of five vegetables grown in three different soils (control soil, soil treated with 1 g of diesel exhaust per kilogram Induction of mutation in Drosophila melanogaster of soil, and soil treated with 10 g of diesel exhaust per kilogram of soil). The clone induction frequency of the wing hair of flies treated with a hexane extract of leaves of sacred basil and green kuang futsoi grown in three differently treated soils was not significantly different from that of the control (tables 4 and 5). The extract of multiply onion was the only sample that induced mutation in the wing spot test in both treated and untreated soils (table 6 ). The mutagenicity of the sample grown in untreated soil may be due to some naturally occurring compounds. The inherent mutagenicity of shallot (Allium ascalonicum), which is taxonomically very close to multiply onion (Allium cepa var. aggregatum Don.), was shown to be positive for Salmonella typhimurium by the mammalian microsome assay [21] . This preliminary study in purification of mutagenic extracts of shallot resulted in the isolation and identification of natural mutagens, namely, quercetin and unknown glycosides. Quercetin was also shown to be mutagenic according to SMART by Graf et al. [22] . The results obtained from the extract of multiply onion grown in diesel exhaust-treated soils showed an apparent dose-response relationship in this assay (table  6) . Conclusive results were also obtained when larvae were raised on the medium containing hexane extracts of lettuce and water spinach grown in contaminated soils (tables 7 and 8). It was suggested that the extracts of vegetables grown in diesel exhaust-contaminated soil significantly increased the frequency of small single spots as compared with those of the samples grown in the control soil. It was thus postulated that some PAHs in the exhaust played an important role in increasing the mutagenicity.
Mutagenicity of hexane extracts of plants
Various investigators have reported the contamination of plants by PAHs. Shabad et al. [23] stated that the PAHs penetrated the soil mainly from air and spread intact across the layers into the water. They then passed into plants, fodder, and finally human food. Shcherbak [4, 5] noted that pollution of plants might occur from sedimentation of atmospheric dust and soot or by migration of the carcinogens into the plants from polluted soils. Shabad and Cohan [6] concluded that the main source of contamination of soil was from air particulates. They indicated that migration or resorption of PAHs into plants was dependent on the PAH levels in the soil and the type of plant. This experiment showed that some plants grown in diesel exhaust-contaminated soil provoked a mutagenic response, whereas some showed negative results. It is likely that the mutagenicity of each plant extract may be reflected by the differences between plants. Furthermore, most of the hexane extracts contained some green pigments, which were probably chlorophylls. The weak mutagenicity or absence of mutagenicity of some samples may due to the antimutagenicity of chlorophyll against diesel exhaust mutagens absorbed by such plants or to the metabolic detoxification pathway of the plant, as suggested by others [1, 2] .
Chlorophyll has been demonstrated to suppress the mutagenicity of many toxicants [24] [25] [26] [27] . The inhibitory action of chlorophyllins, the sodium and copper salts of chlorophyll, encompasses a wide variety of chemical compounds, including nitropyrenes (airborne and diesel emission particulates) and PAHs [26] . These chlorophyll derivatives were also effective antimutagens in the Drosophila tests on MeIQx, benzo(a)pyrene, 2-aminofluorene, 2-aminoanthracene, 9-aminoacridine, and 4-NQO [28]. The mechanism by which chlorophyllin inhibits mutagenic activity is unknown, but it has been suggested that chlorophyllin can form complexes with planar-structured polycyclic compounds [28] and that this complex formation is responsible for the polycyclic mutagen-specific inhibition observed in the Ames test [29, 30] . 
